Abstract: Drawing on a perspective of technology heterogeneity, this study advances the analytical framework for evaluation of environmental efficiency (EE) across diverse economies. To improve the continuity and robustness of efficiency estimation, we construct a Hybrid Malmquist-Luenberger index under the meta-frontier (MHML) technique to allow a dynamic evaluation of environmental efficiency and to probe the underlying sources of inefficiency. Decomposition of the MHML index into component factors of efficiency change (EC), Best Practice Change (BPC) and Technological Gap Change (TPC) allows an improved understanding of causality and enhanced guidance for decision-making units (DMUs). Empirical tests based on panel data of the Group 20 countries spanning 2000-2014 reveal an upward improving trend in environmental efficiency but is also characterized by notable evidence of technological heterogeneity. Whereas technical progress was the main cause of environmental efficiency improvements in the G20 countries, for the BRICS (i.e., Brazil, Russia, India, China, South Africa), economic growth rates played a more significant in contrast to the role of technical change and allocation efficiency. The lagging growth rates of environmental efficiency for the G20 countries compared to the BRICS is a reflection of the fact that room for optimization in G20 countries was not as high as it was for BRICS and, China, in particular. China has been catching up with frontier technology whereas developing countries were shifting away from benchmark technology frontier. The developed economies remain the best performers and leaders in environmental technology. However, the BRICS countries, represented by China, remain on an upward trajectory of improvements' in EE with gains from managerial sufficiency and technological advancement. The MHML index developed here provides a robust quantitative measure for policy interventions to support overall national environmental performance. Context-specific suggestions are proposed to foster efficiency gains and green transition for Chinese development scenarios against best performing economies.
Introduction
As the largest emerging economy in the world, China is suffering from an unacceptable level ecological deterioration and environmental challenges arising from unbridled economic growth with minimal attention given to conformance with environmental standards. Fortunately, growing awareness of ecological harm and a desire for inclusive growth is now shaping the policy agenda at the government and societal levels. Implementation of a series of national strategies and blueprints,
Literature Review
Evaluation on environmental efficiency originated from the time when energy constraints and pollutions embedded in production activities were noticed in the 1970s-1980s. Based on the evaluations and projections, early researchers proposed energy and environmental policy suggestions accordingly [7] . Over several decades, such an efficiency index has been developed from various perspectives on different levels, and the studies comprise a niche research field and a thematic area of academic study.
For example, Vlontzos employed a non-radial Data Envelopment Analysis (DEA) model to calculate energy and environmental efficiency scores of European Union (EU) economies by incorporating energy inputs and bad outputs generated from production activities [8] . Kounetas used the directional distance function which treats CO 2 as undesirable to evaluate environmental efficiency technology gaps in 25 European countries [9] . Zhang et al. incorporated both GDP (i.e., gross domestic production) as a desirable output and pollutions as unexpected outputs to estimate the environmental efficiency of 30 provinces/cities in China using the slack-based measure (SBM) [10] . Ewertowska et al. tested the environmental efficiency of electricity mix of the top European economies with the help of the primal DEA [11] ; Ma et al. incorporated haze as the bad output when measuring the environmental efficiency of China using the slack-based measure (SBM) technique of DEA [5] ; Chen et al. also used the SBM model considering undesirable output to observe environmental efficiency of different regions in China [12] ; Sanz-Díaz et al. combined DEA and Malmquist Index to make a comparative analysis of the dynamic environmental efficiency in the EU-28 countries, and greenhouse gas (GHG) emissions are incorporated as undesirable outputs along with one positive output of real GDP in the study [13] . Song et al. constructed an undesirable-DEA model to monitor the resource and environmental efficiency of China with electricity consumption and gross fixed social assets taken as input indexes, discharges of exhaust gas, waste water, and solid waste selected as undesirable output indexes and the total output value identified as the desirable output index [14] . Halkos et al. utilized directional distance function to deal with pollution factors when measuring the EE of the waste sector in 28 EU economics [15] .
Collectively, for the estimation approach, single factor analysis has been gradually expended to multi-factor estimation. For the evaluation framework, pollutions related to economic activities are considered in the analyses process. For the analytical perspective, static efficiency evaluation has been gradually enriched by dynamic analysis, and in addition, the analytical techniques, DEA-based techniques, such as slack-based Luenberger index and directional distance function, have become a major approaches for efficiency estimation, although hybrid measures are rarely used regarding the topic so far. With respect to size and scope of studies within a research sample, economies within similar income-categories such as the EU countries are common observations for cross-country comparison, whereas multi-level samples are rarely used in the research. A fundamental challenge to our understanding of the causative factors influencing environmental efficiency arise from our inability to develop robust estimate across countries that show the influence of deep heterogeneity based on countries' economic level, cultural background, social structures, resource endowment, and the bio-physical ecological environment. In-depth studies of comparisons on multi-level economies are scarce in the literature. To the best of our knowledge, studies on environmental efficiency comparisons based on the group 20 (G20) countries are relatively rare.
In this paper, we develop a new framework to estimate total factor environmental efficiency at the national level by combining a hybrid model and the meta-frontier technique from a dynamic perspective that is different from previous studies. We also attempt to measure efficiency gap and underlying determinants of efficiency loss by taking technology heterogeneity across countries into account. Driving factors of efficiency gains that are rated and discussed include: the role of innovation and its impacts (i.e., innovation effect, leading effect, and lagging effect (i.e., catch-up effect). These factors are incorporated in the analysis context-specific suggestions related to countries with divergent background.
The major contribution of the paper is introduction of an improved approach for measuring environmental efficiency across diverse economies allowing valid comparisons between the G20 countries and BRICS (i.e. Brazil, Russia, India, China, and South Africa). In a decomposition analysis of critical factors, we are able to obtain unbiased results for decision-making support. Furthermore, the method and evaluation framework are also applicable for similar cases, especially when dealing with EE comparison among decision-making units (DMUs) with divergent background. The remainder of this paper is organized as follows. Section 2 presents models, variables, and research sample used in the paper. Section 3 describes the empirical analyses and discusses outcomes of the tests. Section 4 demonstrates major conclusions of the study and specific suggestions for policy guidance to further enhance environmental efficiency gains in China.
Models and Variables

Model Construction
Efficiency level can be tested with the help of other techniques such as SFA (i.e., stochastic frontier analysis). However, In SFA or translog function, a restrict production function, random shock, and error measurements need to be decided in advance [16] [17] [18] . However, it cannot always be correct with respect to subjective perception [13] . Furthermore, determining the specific error structure is also a difficulty in the implement of SFA [19] .
Comparatively, Data Envelopment Analysis is a non-parameter approach that can handles multiple inputs and outputs easily and doesn't require many data points [3, 20] . The efficiencies of DMUs can be measured without assuming any functional form of a representation of the production frontier [21] . It also avoids the shortcoming of subjective estimates when setting weights in the traditional efficiency evaluation method [22] . In accordance, DEA has gained popularity in environmental efficiency evaluations [23] .
Therefore, this study employees the Malmquist-Luenberger index, a total factor analysis tool that draws on the DEA technique, to estimate dynamic environmental efficiency. However, the DMUs are considered homogeneous in traditional ML indexes. Neglecting the heterogeneity of different observations will result in biased efficiency estimation especially for the analyses at the macro-level, for example, influence of national policy makers and divergence across economies with varying levels of control. Accordingly, the meta-frontier technique can be utilized to tackle the issue of significant differences that arise at the macro level DMU. This technique provides a useful method to explain causes of inefficiency. If N kinds of inputs (x ∈ R N + ) are used to generate M types of outputs (y ∈ R M + ) and DMUs can be categorized into L groups (l = 1, 2, ...L), then three sub-production technical sets are formed accordingly. A contemporaneous benchmark technology of group l is defined as P t l (x t , y t ) x t → y t , an intertemporal benchmark technology of group l is defined as P I l = P 1 l ∪ P 2 l ∪ ... ∪ P T l , and global benchmark technology of all groups is defined as
. These three sets are used to reflect different envelops including production frontier of group l in time t, group l in full time period, and all groups in full time period [24] . Figure 1 demonstrates a case for two time periods and two groups of the concept of the meta-frontier M index. The superscript and the subscript on P represent the time period and the group, respectively. The interior solid lines represent contemporaneous technologies. The interior broken lines and the interior thick solid line represent intertemporal technologies and global technology, respectively. Contemporaneous benchmark technologies of group l are enveloped by its intertemporal benchmark technology envelopes its. All the intertemporal benchmark technologies are enveloped by the global benchmark technology [24] . In order to address certain constraints of radial and non-radial models of DEA and improve the continuity and robustness of dynamic efficiency estimation, this study constructs a Hybrid Malmquist-Luenberger index under the meta-frontier (MHML) to evaluate environmental efficiency. In so doing, the Hybrid Measure proposed by Tone et al. [25] and the global Malmquist-Luenberger technique [24] are combined to obtain the MHML index. For a given DMU, its total factor environmental efficiency can be obtained using the equations listed below: indicate the radial input, non-radial input, radial expected output, radial undesirable output, and non-radial undesirable output of a given DMU, respectively. MHML reflects the degrees of efficiency change of an economy. Enhancement and improvement of environmental efficiency appears over time if MHML>1, efficiency level stays unchanged if MHML=1, and efficiency level decreases and being away from best frontier over time if MHML<1. MHML index can be further decomposed into Efficiency Change (EC), Best Practice Change (BPC), and Technological Gap Change (TGC) by referencing the study of Oh & Lee [24] :
Equation (3) reveals three factors that explain the change of environmental efficiency, and I and G stand for "intertemporal" and "global", respectively.
Efficiency change (EC) depicts the change of technical efficiency and is considered a critical indicator for allocative efficiency. This indicator is also used to reflect managerial capability and institutional advantages. The allocative efficiency of a given DMU improves, remains unchanged, and drops over time if EC > 1, EC = 1, and EC < 1, respectively.
Best practice change (BPC) describes the change of technology progress. The technical level of a given DMU improves, remains unchanged, and regress over time if BPC > 1, BPC = 1, and BPC < 1, respectively.
Technical gap change (TGC) reflects the change of technology gaps and is used to measure the distance between a given DMU and the meta-frontier. The environmental efficiency of a given DMU is approaching towards the global best frontier if TGC > 1. A given DMU is on the best frontier and can be identified as a "leader" if it's TGC = 1. The efficiency of a given DMU is drifting away from the meta-frontier over time if TGC < 1.
Sample and Variables
The structure of global governance has changed over the last two decades with the Group 20 countries (G20) become significant player. Moreover, aggregate influence of the G20 is significant worldwide in terms of total population, aggregate GDP, energy consumption, and carbon emissions [26] . As such, this study takes the G20 countries as the research sample and substitutes the Europe Union (EU) in the group with the permanent guest Spain by referencing a study of Lee [27] . In so doing, 20 independent economies are selected to form the group including Argentina (ARG), Australia (AUS), Brazil (BRA), Canada (CAN), China (CHN), France (FRA), Germany (DEU), India (IND), Indonesia (IDN), Italy (ITA), Japan (JAP), Mexico (MEX), Russia (RUS), Saudi Arabia (SAU), South Africa (ZAF), South Korea (KOR), Spain (ESP), Turkey (TUR), the United Kingdom (GBR), and the United States (USA).
Variables for efficiency measurement and data sources are identified by referencing related studies and the research design of the study [13, 28] .
Input variables
Variables are selected from the dimensions of capital, labor, and resource consumption. Capital stock is calculated using the perpetual inventory method with the base year of 1990 by referencing the study of Wei et al. [29] , and is considered non-radial input. Different depletion rates are set according to the income-level of the countries. Method for the capital stock of the base year and settings for the related parameters are adopted by referencing the studies of King and Levien and Easterly et al., respectively [30, 31] . Labor input is measured as number of employees for a given year of a country and is identified as non-radial input. Resource input is depicted by primary energy consumption to reflect the aggregate consumption of energy source in a country. Primary energy consumption is set as radial input variable.
Output variables
Outputs of environmental efficiency are chosen from the perspective of economic benefits and environmental impacts. The economic returns are indicated by real GDP value deflated with the rates of purchasing power parity (PPP). The environmental impacts are measured with the greenhouse gas (GHG) emissions of countries by referencing the studies of Sanz-Díaz et al. [13] and Moutinho et al. [32] . This variable is also set as radial undesirable output in the study.
Data for the 20 countries spanning 2000-2014 are collected from reliable sources including the World Bank database, the Penn World Table 9 .0 (PWT), the British Petroleum (BP) Statistical Review of World Energy, and the World Resources Institute (WRI). Table 1 presents the data source, attributes, and statistical description of selected variables. 
Empirical Test
For group division, the 20 countries are clustered into advanced-country group and developing-country group according to their income levels by referencing the study of Chiu et al. [33] . However, considering that the BRICS countries (i.e., Brazil, Russia, India, China, and South Africa) has been accounted for a large share of energy consumption and environmental impacts with high economic growth rates, such countries are also increasingly critical players in the world. As such, the BRICS is separated from other developing countries for form a new sub-group in the study, the advanced group is consisted of Australia (AUS), Canada (CAN), France (FRA), Germany (DEU), Italy (ITA), Japan (JAP), South Korea (KOR), Spain (ESP), the United Kingdom (GBR), and the United States (USA), and the developing group includes Argentina (ARG), Indonesia (IDN), Saudi Arabia (SAU), Mexico (MEX), and Turkey (TUR).
Equations 1-3 are further utilized to conduct empirical tests based on the panel data of the 20 countries during 2000-2014. Dynamic environmental efficiency and its decompositions depicted as MHML index, efficiency change (EC), best practice change (BPC), and technology gap change (TGC) are obtained, respectively. Table 2 presents the average mean of MHML, EC, BPC, and TGC of the countries as well as the groups during the observation period. Results obtained from Table 2 illustrate that: For group environmental efficiency indicated by MHML, the efficiency level of G20 under the meta-frontier was greater than 1, indicating that efficiency level in general has improved over time as environmental awareness has increased substantially in many countries all over the world. Encouraging outcomes include a significant focus on environmental governance and administrative protocols and formal international standards and legal stipulations embedded in trade agreements. Enhancement of environmental efficiency also appeared for the three sub-groups during the observation period. Among others, efficiency improvement for the BRICS was the most significant, followed by the group of advanced economics and the developing countries. This outcome confirms efforts regarding green growth undertaken by governments and societal groups such as NGOs (i.e., Non-governmental organizations) in the BRICS countries over the past years.
For individual countries of the G20, China experienced the most significant improvement in efficiency gains among others with a yearly growth rate of 13.7%. This accomplish is achieved due to commitments made by the Chinese government to boost the country's green transformation and industrial upgrade. Specifically, China has realized and acknowledged that environment protection and biodiversity conservation is key to achieving sustainable development over the last two decades. Attempts to increase awareness, provide policy guidance, establish necessary regulations, and enact new legislation to promote energy conservation and emission reduction have been undertaken at various levels in the country. Especially after the period of the 11th five-year plan, the Scientific Development Concept, Two-Oriented Society Construction, Construction of Ecological Civilization, and Green Growth Strategy have been extensively promoted across the country. Concrete goals and specific targets have been set and are monitored through consultations in all regions and for all industry sectors. The goal is to put the strategies into practice. Progress on achieving a green transformation of the economy is work that will need to continue with emphasis but results of this study suggest a positive upward trend. One example is illustrative: according to the statistics of the International Energy Agency, China's coal consumption and carbon dioxide emissions from energy use both decreased in 2014 for the first time since 1999, leading to a 0.2 percent reduction in global emissions [34] .
As can be seen from the results of efficiency change (EC), slight development in EC was observed in the period for the G20 with an average growth rate of 0.5%. This outcome reveals that allocative efficiency has been improved to a certain extent arising from the enhancement in management and system construction of environmental governance. Results obtained for the sub-groups demonstrates that achievements in EC was the highest in the group of the BRICS with a yearly growth rate of 1.1%, followed by the group of advanced economies. Conversely, value of EC in the developing group declined during the observation period, reflecting insufficient focus on environmental management capability. For the individual countries, efficiency change improved greatly for Russia and India with the growth rates of 3% and 2.7%, respectively. According to the analysis, catching-up effects in efficiency have appeared in these two countries. In contrast, allocative efficiency of China stayed unchanged during the observation period as the average mean of EC was equal to 1.
In terms of BPC, technology progress was achieved for the G20 in general as the yearly growth rate of the group reached 4.1%. This outcome reveals that technology innovation and expansion, especially industrial application and innovations on green and clean techniques, has contributed greatly to efficiency gains of the countries. For the sub-groups, positive effects of technical progress was significant in the BRICS countries with a yearly growth rate of 5%, followed by the developing countries and the advanced economies with the yearly growth rates of 4.2% and 3.0%, respectively. For the individual countries, innovation effect of China was the largest among others with a yearly BPC growth rate of 9.9% and played an important role in accelerating efficiency improvement.
In terms of TGC, technical gaps were unneglectable across countries as the yearly TGR was lower than 1, confirming the effectiveness and necessity of taking into account the heterogeneity of efficiency estimation for these economies. For the sub-groups, values of TGC for most advanced economies were equal to 1, demonstrating the leading effect of developed countries regarding environmental technology. Such advantages make the countries the leaders and benchmarks of clean-tech compared to the rest of the world. The average mean of TGC was higher than 1, illustrating that the BRICS countries are moving towards the best level of global environmental technology. Technical gaps between the advanced and the emerging economies are narrowing down over time. Nevertheless, average mean of TGC of the developing countries was lower than 1, illustrating that the technical gap between developing countries and the best frontier of the G20 was widening over time. This outcome reveals the challenges and difficulties faced by the developing countries represented by Argentina in terms of environmental technology development. For individual countries, China continues its trajectory towards approaching the best technique frontier with a yearly growth rate of 3.5%. In comparison with advanced economies, the technical differences reveal a declining trend.
Conclusions and Suggestions
Conclusion
This study estimates and decomposes dynamic environmental efficiency by combining the Hybrid Measure, Malmquist-Luenburger index, and meta-frontier analysis. Empirical analyses based on panel data of the G20 countries demonstrates that:
(i) Environmental efficiency has continually improved for the G20 countries for the period 2000-2014.
A robust conclusion to be drawn is that, economic growth, resource conservation, and pollution reduction can be achieved simultaneously and a positive trend of green growth is clearly evident. Allocative efficiency was enhanced, thus contributing to the efficiency gains. Improvement in environmental efficiency of the G20 was mainly caused by technical progress although we note technical heterogeneity across countries is also evident. (ii) For the G20 advanced group, although its overall environmental efficiency increased during the period, its growth rate only ranked second after the BRICS group. This phenomenon is well recognized as most developed countries' efficiency was already in a leading position, leaving less room for optimization. Moreover, "dual-wheel driving" becomes evident when the efficiency gains have been boosted by both managerial sufficiency and technology advancement. The clean-tech sector of advanced countries has been holding the best frontier and the leading position globally, and thus the advanced group within G20 is are considered benchmarks for all the countries.
(iii) For the BRICS, its environmental efficiency improved remarkably with the highest growth rates during the observation period. This outcome reflects the conscious efforts of government agencies and implementation of good practices of environmental protection in these countries. This is a positive indication that along with the economic expansion, environmental efficiency can also be enhanced. Furthermore, we note a double dividend: improvements in allocative efficiency and technology progress were also achieved in the group. Compared to managerial improvement, contribution of technical innovation plays a more important role in facilitating efficiency gains. (iv) For the developing group, its environmental efficiency increased, yet the growth rate was the lowest among other groups. This result suggests that the developing countries still have a very large potentials for efficiency gains by balancing the development of economic prosperity, recourse depletion, and environmental protection. Moreover, efficiency gains of the countries were essentially attribute to technology progress as opposed to efficiency gains in allocative. This outcome reveals the challenges and insufficiency of environmental administration in the countries. Moreover, the group was drifting away from the G20 s best technique level over time, which also raises concerns regarding technique deterioration in the countries. (v) For China, incentives in support of environmental efficiency goals was the most significant, reflecting the progress made by China as it promotes green and conclusive growth. The efficiency gains were mainly attribute to technical progress, and the gap between China and the world most advanced level was narrowing over time. This finding is also in line with the conclusions in the study conducted by Yuan et al. [35] . It is still unneglectable that the allocative efficiency hasn't contributed to efficiency gains of the country yet. Therefore, attentions regarding construction of environmental governance capability and system should also be paid to facilitate efficiency improvement along with the promotion of technology development.
Suggestions
Context-specific suggestions are proposed for China based on the analytical results and discussions to foster green and inclusive growth for long term sustainability.
First, technological innovation for environmental sustainability needs to should be further promoted to strengthen the positive effects of technology progress in efficiency gains. As one of the most critical paths to addressing the challenges of economic growth, energy crisis, and climate change, the importance of environmental technology's (also known as clean technology or green technology) role has been fully acknowledged worldwide. Expansion, utilization, and development of such technologies are even more critical for China with low per-capita quantity of resources, unbalanced distribution of fossil fuels, and serious ecological deterioration and environmental pollution. As can be seen from the results of comparison, technical progress has been a major contributor to the efficiency enhancement of the country. Despite the achievements made so far, certain issues are still needing to be addressed to further release the potential of technology development in China. Specifically, unbalanced distribution of clean-tech research and development resource should be adjusted from a holistic view. In addition, market approaches to enhance the flexibility and diversity of clean-tech investment should be promoted by increasing the leveraging effects of appropriate policies. More importantly, R&D (i.e., research and development), especially the application of appropriate techniques used in divergent regions and industries should be emphasized to increase the efficiency and effectiveness of clean-tech.
Second, environmental governance system should be further improved to enhance managerial efficiency and the catching-up effect. Monitoring and fulfillment over time of the environmental policy is effective in achieving the technological progress [13] . Acceleration of internationalization, urbanization, industrialization, and household consumption have all contributed to weakening the efforts made for environment protection by the Chinese government in the period of the 11th and 12th five-year plans. This implies that government should adhere to the line of implementing policies that accelerate the production and application of green technology. Therefore, construction of ecological civilization should be set as a long-term strategy and a fundamental national policy. Accordingly, development of updated policies, regulations, standards, and administrative systems of environmental protection and ecological restoration is in great need to achieve green growth targets. Multi-level agencies and importance of multi-agent governance in the field is necessary for effective integration of high-level policies with implementation in the field.
Last but not least, environmental technical gaps should be further narrowed down. Although impressive technical progress has been made by China and many corporates have been identified as global leaders in certain fields, the technical level is still lagging for some industries and regions as a whole [36] . The most advanced techniques and top-tier patents in green industries are still owned by developed counties [37] . To further catch up with global technique frontier, technical roadmaps of advanced economies including the U.S., the U.K., and Japan should be referenced by considering the situation of China to boost breakthroughs of environmental field techniques. International and intra-industrial spillover effects should also be further amplified to boost green technology development. Moreover, research results transformation and application should be advocated to eliminate technical disparities across regions and sectors within the country to benefit efficiency gains and optimization on a macro level.
Future Studies
Future studies can be conducted in the following ways to expand the discussion. First, more countries in addition to the group 20 can be selected as research sample to get a bigger picture of global environmental efficiency status. Second, more driving factors, including scale change effect, structural change effect, and environmental regulation effect, can be incorporated into the discussion with the help of panel regression models to reveal determinants of efficiency gains. Third, in-depth case study on representative countries in terms of catching-up effect (i.e., chasers), leading effect (i.e., leaders in technology), and best practice effect (i.e., best practitioners) can be conducted to supplement the pure quantitative analyses.
